Abstract: Solid oxide fuel cell (SOFC) is widely considered as an alternative solution among the family of the sustainable distributed generation. Its load flexibility enables it adjusting the power output to meet the requirements from power grid balance. Although promising, its control is challenging when faced with load changes, during which the output voltage is required to be maintained as constant and fuel utilization rate kept within a safe range. Moreover, it makes the control even more intractable because of the multivariable coupling and strong nonlinearity within the wide-range operating conditions. To this end, this paper developed a multiple model predictive control strategy for reliable SOFC operation. The resistance load is regarded as a measurable disturbance, which is an input to the model predictive control as feedforward compensation. The coupling is accommodated by the receding horizon optimization. The nonlinearity is mitigated by the multiple linear models, the weighted sum of which serves as the final control execution. The merits of the proposed control structure are demonstrated by the simulation results.
Introduction
Since the middle of the 20th century, traditional energy was consumed in large quantities, fossil fuels are growing shortage and the environment has been deteriorated. Nowadays, the society is facing an extremely serious energy and environmental crisis. It is imminent to develop a safe, efficient and clean energy [1] . Fuel cell is an energy tool which uses hydrogen as a raw material and converts its chemical energy directly into electric energy by a certain device. And it has many advantages such as high energy density, low pollution emission, strong ability of adaptation, therefore, fuel cell is becoming a promising substitute for conventional fossil fuel [2] [3] [4] . Moreover, fuel cell electricity generation is regarded as the core of the future hydrogen production and utilization industry [5] .
Among a variety of fuel cells, solid oxide fuel cell (SOFC) has been a focus in order to implement large-scale power generation because it has simple principle, high efficiency, long-term stability and excellent load flexibility [6] [7] [8] . SOFC attracts increasing attention, especially in sustainable generation and power supply field, it is widely considered as one of the effective ways to solve the current energy problems [9] [10] [11] [12] [13] [14] [15] [16] . Load flexibility of SOFC is capable of adjusting the power output to meet the requirements from power grid balance. However, there still exist many difficulties which should be conquered to promote practical application and commercialization of SOFC, especially, it is crucial to implement an effective control for SOFC system to maintain output voltage as constant and fuel utilization rate kept within a safe range, so that extends the life of the electric pile, improves the operating efficiency and the power quality of SOFC [17] [18] [19] . But its precisely effective control is completely difficult because SOFC features the multivariable coupling and nonlinearity within a wide-range operation caused by its electrochemical properties. Generally, SOFC is composed of cathode, anode and electrolyte between them. The anode gas channel is injected with the certain amount of fuel gas and the cathode is supplied with the appropriate amount of oxidant gas. The two gases continuously pass through the bipolar gas channels severally sat both sides of the electrolyte to react to generate electricity. Usually, hydrogen is as fuel gas and cheap air is as oxidant gas. Based on constant output voltage mode of SOFC, in the practical operation, the outside resistance load demand is met by the use of providing the proper amount of hydrogen and air, meanwhile, it is necessary to keep SOFC constant output voltage [20] and fuel utilization rate within a safe range. The fuel utilization rate is to be the ratio of the amount of hydrogen that generates electrochemical reaction in the SOFC to the amount of hydrogen that is fed into the SOFC, it is an important parameter influencing the performance of SOFC system. The fuel utilization rate is usually required between 0.7~0.9, too large or too small, respectively, indicate the amount of hydrogen overused and underused, which may result in SOFC performance drop or permanent damage [21] . Simplified working process of SOFC is illustrated in Figure 1 . operating efficiency and the power quality of SOFC [17] [18] [19] . But its precisely effective control is completely difficult because SOFC features the multivariable coupling and nonlinearity within a wide-range operation caused by its electrochemical properties. Generally, SOFC is composed of cathode, anode and electrolyte between them. The anode gas channel is injected with the certain amount of fuel gas and the cathode is supplied with the appropriate amount of oxidant gas. The two gases continuously pass through the bipolar gas channels severally sat both sides of the electrolyte to react to generate electricity. Usually, hydrogen is as fuel gas and cheap air is as oxidant gas. Based on constant output voltage mode of SOFC, in the practical operation, the outside resistance load demand is met by the use of providing the proper amount of hydrogen and air, meanwhile, it is necessary to keep SOFC constant output voltage [20] and fuel utilization rate within a safe range. The fuel utilization rate is to be the ratio of the amount of hydrogen that generates electrochemical reaction in the SOFC to the amount of hydrogen that is fed into the SOFC, it is an important parameter influencing the performance of SOFC system. The fuel utilization rate is usually required between 0.7~0.9, too large or too small, respectively, indicate the amount of hydrogen overused and underused, which may result in SOFC performance drop or permanent damage [21] . Simplified working process of SOFC is illustrated in Figure 1 SOFC has strong nonlinearity due to its complicated electrochemical properties, especially when outside resistance load changes in a wide-range, therefore, a single controller is difficult to satisfy the control requirements. And the hydrogen flow rate and air flow rate fed into SOFC are usually constrained in working process, for instance, the limit caused by the performance of fuel blower. To deal with nonlinear problems, multiple model control method is extremely suitable, meanwhile, model predictive control (MPC) can be used to deal with multivariable coupling and constraint problems skillfully.
To overcome the aforementioned difficulties, a multiple model feedforward predictive control (MFPC) is proposed for SOFC system to ensure its reliable operation. In the working range of SOFC, firstly, the different operating points of SOFC are selected to obtain the locally linearized sub models for each operating point of SOFC. Secondly, the global model for the current time is obtained by using the multiple model method, concretely, by the use of the weighted sum of the several sub models and the variation of resistance load is taken as a measurable disturbance that is inputted the multiple model predictive controller as a feedforward compensation. Finally, the multiple model feedforward predictive controller that depends on the receding horizon optimization and correction can be designed to achieve SOFC constant output voltage and fuel utilization rate in a safe range.
Dynamics and Nonlinearity Analysis of SOFC
A dynamic model of SOFC proposed in [22] is taken account of as the control plant in this paper. In [22] , the one-dimensional mathematical model of an SOFC is presented, which considers electrochemical, thermodynamic and fluidic characteristics inside SOFC and presents detailed SOFC has strong nonlinearity due to its complicated electrochemical properties, especially when outside resistance load changes in a wide-range, therefore, a single controller is difficult to satisfy the control requirements. And the hydrogen flow rate and air flow rate fed into SOFC are usually constrained in working process, for instance, the limit caused by the performance of fuel blower. To deal with nonlinear problems, multiple model control method is extremely suitable, meanwhile, model predictive control (MPC) can be used to deal with multivariable coupling and constraint problems skillfully.
A dynamic model of SOFC proposed in [22] is taken account of as the control plant in this paper. In [22] , the one-dimensional mathematical model of an SOFC is presented, which considers electrochemical, thermodynamic and fluidic characteristics inside SOFC and presents detailed explanations of operating mechanisms and model parameters of SOFC and verifies its dynamic model in MATLAB SIMULINK. The dynamic model of SOFC developed in [22] is widely accepted and cited in research field [23] [24] [25] [26] [27] [28] . The dynamic model consists of the diffusion, material conservation parts and the electrochemical, thermodynamic parts, the simplified diagram of the dynamic model of SOFC is illustrated in Figure 2 . In this dynamic model of SOFC, the Nernst equation is used to determine the reversible potential of the SOFC Ecell as follows:
Considering the activation voltage drop, ohmic voltage drop, concentration voltage drop and the double-layer charging effect, the terminal output voltage of the SOFC Vcell is computed as follows: In this dynamic model of SOFC, the Nernst equation is used to determine the reversible potential of the SOFC E cell as follows:
where E 0,cell is a temperature function and can be calculated from:
where E std,cell is the standard reference potential at standard state 298 K and 1 atm. The material conservation is an important part of calculation of SOFC as follows:
V a R 0 T dp
Considering the activation voltage drop, ohmic voltage drop, concentration voltage drop and the double-layer charging effect, the terminal output voltage of the SOFC V cell is computed as follows:
where V C,cell represents the voltage drop including the double-layer charging effect and the concentration voltage drop and the part of activation voltage drop affected by current, V act,cell 
The symbols of the SOFC system mentioned in the Equations (1)- (9) are illustrated in Table 1 . In this paper, as aforementioned, the dynamic model of SOFC presented in [22] is taken as the control plant, for the SOFC system, the manipulated variables are hydrogen flow rate and air flow rate, the output variables are output voltage and fuel utilization rate and it is required that the rated output voltage is 140 V and fuel utilization rate is between 0.7~0.9, when resistance load that is considered a measurable disturbance is change. Because the SOFC power is limited to about 5.5 KW in [22] , therefore, 140 V is chosen as the rated output voltage having more practical application value. We reproduce the dynamic model of SOFC referenced from [22] and construct the test model of SOFC system by MATLAB SIMULINK and then some typical steady-state operating points of the SOFC system are selected in the resistance load range 3.4~4.1 Ω, they are shown in Table 2 . In addition, the influence of fuel processing is discussed in Section 4.3. Dynamics and nonlinearity of the SOFC are investigated by step change response tests at operating points 1#, 2#, 3#, 5# in MATLAB/SIMULINK on condition that the SOFC is in the open-loop. The tests include 0.2 Ω step increase of resistance load, 0.2 × 10 −4 mol/s step increase of hydrogen flow rate and 10 × 10 −3 mol/s step increase of air flow rate, respectively. The response tests are shown in Figures 3-5 . The results demonstrate that resistance load and hydrogen flow rate step increase can change output voltage and fuel utilization rate quickly and can cause output voltage rise rapidly and fuel utilization rate drop fleetly. Meanwhile, it is to interest to note that output voltage and fuel utilization rate both slowly descend and the SOFC take more than 3000 s to reach a new steady-state, when the air flow rate increase occurs. Besides this, it is also revealed that the SOFC has different step response characteristics at different operating points, therefore the SOFC has obvious nonlinearity. system by MATLAB SIMULINK and then some typical steady-state operating points of the SOFC system are selected in the resistance load range 3.4~4.1 Ω, they are shown in Table 2 . In addition, the influence of fuel processing is discussed in section 4.3. The results demonstrate that resistance load and hydrogen flow rate step increase can change output voltage and fuel utilization rate quickly and can cause output voltage rise rapidly and fuel utilization rate drop fleetly. Meanwhile, it is to interest to note that output voltage and fuel utilization rate both slowly descend and the SOFC take more than 3000 s to reach a new steady-state, when the air flow rate increase occurs. Besides this, it is also revealed that the SOFC has different step response characteristics at different operating points, therefore the SOFC has obvious nonlinearity. Step response of the SOFC: 0.2 Ω step increase of resistance load. Step response of the SOFC: 10 × 10 −3 mol/s step increase of air flow rate.
MFPC Algorithm for SOFC
As aforementioned, nonlinearity, multivariable coupling and measurable disturbance are main problems in operation of SOFC system, therefore, we propose a novel MFPC to deal with all the issues simultaneously. Schematic diagram of the proposed MFPC is illustrated in Figure 6 . Step response of the SOFC: 10 × 10 −3 mol/s step increase of air flow rate.
As aforementioned, nonlinearity, multivariable coupling and measurable disturbance are main problems in operation of SOFC system, therefore, we propose a novel MFPC to deal with all the issues simultaneously. Schematic diagram of the proposed MFPC is illustrated in Figure 6 . Step response of the SOFC: 10 × 10 −3 mol/s step increase of air flow rate. 
As aforementioned, nonlinearity, multivariable coupling and measurable disturbance are main problems in operation of SOFC system, therefore, we propose a novel MFPC to deal with all the issues simultaneously. Schematic diagram of the proposed MFPC is illustrated in Figure 6 . 
Multiple Model Strategy of SOFC
Generally, model development is the first important step in advanced controller design. In this section, the weighted multiple model strategy is utilized to capture the nonlinear behavior of SOFC system by using combination of several linear sub models.
According to the preceding analysis, the resistance load is chosen to be scheduling variable and four locally linear sub models are developed around operating points 1#, 2#, 3#, 4#. Firstly, from the step change response tests data in the open-loop in Section 2, the SID [29] method in MATLAB System Identification Toolbox is then adopted to identify the state-space model for these local sub models in continuous time domain. Finally, these state-space models are discretized with sampling time s T to achieve the discrete space-state model for these correspondingly local sub models.
In each computing cycle of MFPC, the weighted sum method is used to complete the weighted multiple model strategy to conquer nonlinearity of SOFC. Specifically, the discrete state-space models of the operating points 1#~4# are served as sub models 1 4 M~M of the SOFC, then the global model M(k) of SOFC is calculated according to the formula (10) at the current time k:
where i α is a weight coefficient, specifically, it satisfies the following weight function as resistance load changing as illustrated in Figure 7 : When SOFC goes to the next computing cycle  k 1 , above steps will be repeated to calculate the global model  M (k 1) that suitably matches SOFC operating conditions in the next period to complete the calculation to conquer nonlinearity of SOFC. 
According to the preceding analysis, the resistance load is chosen to be scheduling variable and four locally linear sub models are developed around operating points 1#, 2#, 3#, 4#. Firstly, from the step change response tests data in the open-loop in Section 2, the SID [29] method in MATLAB System Identification Toolbox is then adopted to identify the state-space model for these local sub models in continuous time domain. Finally, these state-space models are discretized with sampling time T s to achieve the discrete space-state model for these correspondingly local sub models.
In each computing cycle of MFPC, the weighted sum method is used to complete the weighted multiple model strategy to conquer nonlinearity of SOFC. Specifically, the discrete state-space models of the operating points 1#~4# are served as sub models M 1~M4 of the SOFC, then the global model M(k) of SOFC is calculated according to the formula (10) at the current time k:
where α i is a weight coefficient, specifically, it satisfies the following weight function as resistance load changing as illustrated in Figure 7 : 
where i α is a weight coefficient, specifically, it satisfies the following weight function as resistance load changing as illustrated in Figure 7 : When SOFC goes to the next computing cycle  k 1 , above steps will be repeated to calculate the global model  M (k 1) that suitably matches SOFC operating conditions in the next period to complete the calculation to conquer nonlinearity of SOFC. When SOFC goes to the next computing cycle k + 1, above steps will be repeated to calculate the global model M (k + 1) that suitably matches SOFC operating conditions in the next period to complete the calculation to conquer nonlinearity of SOFC.
Predictive Model with Feedforward Compensation
Undoubtedly, the controller is the heart of the entire control system. In this section, a multiple model predictive control with feedforward compensation is designed for the output voltage of SOFC kept 140 V and the fuel utilization rate of SOFC kept within 0.7~0.9, when resistance load changes.
According to the weighted multiple model method in Section 3.1, the discrete space-state model of the global model M(k) of SOFC at the current time can be obtained: 
we define (11) and (12) we can get it:
to associate y d (k + 1) with ∆x d (k):
we define a new augmented state variable x(k) = [∆x d (k) T y d (k) T ] T , the augmented state-space model of global model can be obtained:
where O is a zero matrix, I is an identity matrix, then:
where A, B, B r , C are augmented coefficient matrixes respectively. Taking the current time k as starting sampling point, then future augmented state variables can be represented as follows:
+AB r ∆d(k + 1) + B r ∆d(k + 2) . . .
where P is prediction horizon, M is control horizon, further, output variables can be described as follows:
The establishment of formulas (17) and (18) are based on the fact that the resistance disturbance d(k) is not only measurable but also predictable, but, in fact, for the resistance disturbance d(k), the current value only can be measured, the future value is unpredictable. In this case, (17) and (18) can be amended as follows:
further, the output variables are:
The future output vector and corresponding manipulated vector are described as follows:
therefore, the prediction model can be got as follows: where:
According to above calculation, the prediction model (23) that is based on the global model M(k) (10) is able to capture the SOFC operating behavior in a wide-range to meet the control requirements. Because it is impossible to obtain the prior information for resistance disturbance value of future time, for this reason, the prediction model (23) can be adopted when the prediction horizon P > 1 , which suggests that we assume the resistance disturbance d(k) remain constant. This assumption may be out of step with reality, therefore, the control law based on the prediction model (23) may not be optimal. But the deduced control laws still outperform the control law that totally takes no account of feedforward compensation. In addition, a way of the increment of manipulated variables is adopted in prediction model (23) , which is equivalent to introduce an integrating factor that can effectively eliminate steady-state deviation and accomplish zero error adjustment.
Optimization Performance Index and Constrain
In the course of actual operation of the SOFC system, the hydrogen flow rate and air flow rate are usually constrained, for example, the response of hydrogen flow rate may be limited by the performance of fuel blower, which is equivalent to constrain u and ∆u. Therefore, out of consideration of these circumstances, the problems that the hydrogen flow rate and air flow rate and their own increment are constrained can be described as an optimization problem. The problem features with that minimize the performance index taking ∆U as the optimization variable under the prediction model (23), as follows:
where Y r is a reference signal, Z and W are error weight matrix and control matrix respectively, further, considering the prediction model (23), the following equation holds:
constraint of manipulated variables is expressed as follows:
rewritten as a matrix form:
where: where n u is the number of manipulated variables, I is a n u × n u identity matrix. Constraint of manipulated variables increment can be expressed as:
where:
then the final performance index is put forward as follows:
thus, to solve optimal manipulated variables can be transformed into a solving problem for quadratic programs, it is more convenient for MFPC algorithm for SOFC to be practical application.
Feedback Correction
A Kalman filter is adopted to accomplish a state estimation that is as a state correction to overcome the influence of uncertainty, such as system modeling errors and unknown disturbances to the control system. At the current time k, the following calculation is made according to Kalman filter principle.
The augmented state correction of SOFC at current time k can be calculated as follows:
where x(k|k) represents an augmented state correction for the current time k that is adopted as an optimal augmented state estimation, Y m (k) represents the measured value of the actual output of SOFC system, x(k|k − 1) represents an augmented state estimation for the time k at the time k − 1 and can be calculated as formula (37), K g (k) is the Kalman gain for the current time and can be calculated as formula (38):
where x(k − 1|k − 1) = x(k − 1) represents an augmented state update for the previous time;
where R represents a noise covariance matrix, P(k|k − 1) represents a covariance matrix estimation for the time k at the time k − 1 and can be calculated as follows:
where P(k − 1|k − 1) represents a covariance matrix correction for the previous time, Q is a disturbance covariance matrix. The covariance matrix correction for the current time k P(k|k) can be calculated as follows:
where I is an identity matrix. In this way, the optimal augmented state estimation of SOFC for the current time x(k|k) can be obtained. Then we substitute x(k) = x(k|k) into the prediction model (23) as the initial value of the augmented state variable and complete the augmented state update at next time. Meanwhile, the covariance matrix correction can be completed to prepare for next calculation and aforementioned steps will be repeated when the next calculation cycle comes. In fact, this process is equivalent to a feedback correction of the augmented state variable of SOFC to compensate for uncertainty caused by modeling errors and disturbances.
Simulation Results
In this section, the MFPC is employed to control the SOFC system to satisfy requirements that output voltage is 140 V and fuel utilization rate is within a safe range 0.7~0.9, when resistance load changes in a wide-range and the air flow rate or hydrogen flow rate channel disturbance occurs. Furthermore, influence of reforming hydrocarbon fuel is considered in the last simulation case. For comparison purpose, the proposed MFPC is compared with a single model based feedforward predictive control (SFPC) that is designed based on the prediction model (23) from the single discrete state-space model of operating point 1# in simulation. The tuning parameters of the controllers for the SOFC are listed Table 3 . 
Case 1
The first case is designed for the intention to test the control performance of the controllers when the resistance load step change in a wide-range. We suppose that the SOFC system is operation at steady-state operating point 1# at the start of simulation, then the resistance load return 3.4 Ω after experiencing a series of resistance load step change in a wide-range and the period of resistance load change is assumed be 2500 s, the results are shown in Figures 8-10 .
From the simulation results, first of all, the hydrogen flow rate and fuel utilization rate change rapidly due to its dynamic characteristics, when the outside resistance load changes. And it is obvious that the proposed MFPC is similar to SFPC when the SOFC operating point is near the operating point 1# that is used to design SFPC. However, as resistance load changing in a wide-range, especially when the actual operating point of SOFC is far away from the operating point 1#, the prediction model from the single operating point 1# gradually deviates the actual operating conditions of SOFC, which results in the question of model mismatch and the incorrect augmented state correction of SFPC. In this case, SFPC cannot capture the nonlinear behavior and operating conditions of SOFC, which leads to SFPC controller to make inappropriate manipulated variables by solving the optimization performance index, so the sharp oscillation of output voltage and fuel utilization rate of the SOFC system occur. On the contrary, because the multiple model strategy that is based on four operating points can always obtain a suitable augmented state correction (36) and correct prediction model (23) that matches the operating conditions of SOFC, the proposed MFPC controller can subtly capture the nonlinearity of SOFC and track the actual operating conditions of SOFC in a wide-range. Then the MFPC in operating range always makes an effective control action and always maintains a brilliant control effect by solving the optimization performance index (31), which is demonstrated by the facts that the output voltage of SOFC quickly returns to the set point and fuel utilization rate is always within 0.7~0.9, the transient process is relatively smooth and the SOFC reaches stead state quickly, when resistance disturbance occur in a wide-range. 
The first case is designed for the intention to test the control performance of the controllers when the resistance load step change in a wide-range. We suppose that the SOFC system is operation at steady-state operating point 1# at the start of simulation, then the resistance load return 3.4 Ω after experiencing a series of resistance load step change in a wide-range and the period of resistance load change is assumed be 2500 s, the results are shown in Figures 8-10 . From the simulation results, first of all, the hydrogen flow rate and fuel utilization rate change rapidly due to its dynamic characteristics, when the outside resistance load changes. And it is obvious that the proposed MFPC is similar to SFPC when the SOFC operating point is near the operating point 1# that is used to design SFPC. However, as resistance load changing in a wide-range, especially when the actual operating point of SOFC is far away from the operating point 1#, the prediction model from the single operating point 1# gradually deviates the actual operating conditions of SOFC, which results in the question of model mismatch and the incorrect augmented state correction of SFPC. In this case, SFPC cannot capture the nonlinear behavior and operating conditions of SOFC, which leads to SFPC controller to make inappropriate manipulated variables by solving the optimization performance index, so the sharp oscillation of output voltage and fuel utilization rate of the SOFC system occur. On the contrary, because the multiple model strategy that is based on four operating points can always obtain a suitable augmented state correction (36) and correct prediction model (23) that matches the operating conditions of SOFC, the proposed MFPC controller can subtly 
Case 2
The second case is presented for the purpose of that tests the disturbance rejection performance of the controllers. We suppose that at the beginning of the test, the system is operation at steady-state operating point 3# and the resistance load is always maintained as a constant value 3.8 Ω in simulation, then the hydrogen flow rate channel occur 0.4 × 10 −4 mol/s step increase disturbance at 1000 s, subsequently, the air flow rate channel occur 15 × 10 −3 mol/s step increase disturbance at 1500 s, the results are shown in Figures 11 and 12 . capture the nonlinearity of SOFC and track the actual operating conditions of SOFC in a wide-range. Then the MFPC in operating range always makes an effective control action and always maintains a brilliant control effect by solving the optimization performance index (31), which is demonstrated by the facts that the output voltage of SOFC quickly returns to the set point and fuel utilization rate is always within 0.7~0.9, the transient process is relatively smooth and the SOFC reaches stead state quickly, when resistance disturbance occur in a wide-range.
The second case is presented for the purpose of that tests the disturbance rejection performance of the controllers. We suppose that at the beginning of the test, the system is operation at steady-state operating point 3# and the resistance load is always maintained as a constant value 3.8 Ω in simulation, then the hydrogen flow rate channel occur According to simulation results illustrated in above figures, it is not difficult to find that the proposed MFPC is clearly superior to SFPC when the hydrogen or air flow rate disturbance occurs in the test. It should be noticed that when the hydrogen and air flow rate are step increase at 1000 s and 1500 s respectively, because of its dynamics, the output voltage and fuel utilization rate of the SOFC both show a sharp change. In the same way, after the disturbance occurring, because the augmented state correction (36) and the prediction model (23) that are based on the multiple model strategy, the proposed MFPC can capture these changes keenly, which results in an accurate move of manipulated variables by solving the right optimization performance index (31), so the output voltage and fuel utilization rate return desired value quickly, smoothly and eventually reach steady-state. Meanwhile, a large overshoot and oscillation are produced under SFPC due to the aforementioned model mismatch that make mistake manipulated variables, so the SFPC is hard to meet the operating requirements of SOFC and cannot ever reach steady-state.
Case 3
Because sometimes it is necessary for SOFC to implement a pretreatment for the raw fuel to produce hydrogen, for instance, natural gas is used to produce hydrogen by method of reforming hydrocarbon as depicted by the dot-dash line in Figure 2 . Therefore, the last case is designed for the consideration of influence of fuel processing to the controller. In the last case, the dynamic model of reforming hydrocarbon is cited from [9] and added to the dynamic model of SOFC. The dynamic model of reforming hydrocarbon is a one order inertial link and cascades to hydrogen flow rate channel and its transfer function is expressed as follows:
where τ = 5.
Then the case 1 and case 2 are reproduced to verify the control performance of the proposed MFPC with the same controller parameters under the influence of reforming hydrocarbon and it should be noted that as the control plant has changed, so we need to identify the state-space models of object at different operating points to get the correct M(k) (10) as aforementioned in Section 3. Then the case 1 and case 2 are reproduced to verify the control performance of the proposed MFPC with the same controller parameters under the influence of reforming hydrocarbon and it should be noted that as the control plant has changed, so we need to identify the state-space models of object at different operating points to get the correct M(k) (10) as aforementioned in Section 3.1.
The simulation results are shown in Figures 13-17 . By comparing the simulation results of the case 3 with the simulation results of the case 1 and case 2, we can clearly find that the simulation results of case 3 are very similar to the results of case 1 and case 2, which demonstrates that the performance of the proposed MFPC is hardly influenced by the hydrocarbon reforming process and the proposed MFPC still maintains a favorable control effect, on the contrary.
Conclusions
Considering the operation of SOFC system, the nonlinearity, multivariable coupling and measurable disturbance are main problems. In this regard, this paper proposes an MFPC approach to overcome these problems simultaneously. Firstly, the multiple model strategy of SOFC system is developed by use of the weighted sum of several linear sub models to conquer the nonlinearity. Secondly, state-space based MPC with feedforward compensation is adopted to surmount the problems of multivariable coupling and measurable disturbance. Moreover, the constraints of By comparing the simulation results of the case 3 with the simulation results of the case 1 and case 2, we can clearly find that the simulation results of case 3 are very similar to the results of case 1 and case 2, which demonstrates that the performance of the proposed MFPC is hardly influenced by the hydrocarbon reforming process and the proposed MFPC still maintains a favorable control effect, on the contrary.
Considering the operation of SOFC system, the nonlinearity, multivariable coupling and measurable disturbance are main problems. In this regard, this paper proposes an MFPC approach to overcome these problems simultaneously. Firstly, the multiple model strategy of SOFC system is developed by use of the weighted sum of several linear sub models to conquer the nonlinearity. Secondly, state-space based MPC with feedforward compensation is adopted to surmount the problems of multivariable coupling and measurable disturbance. Moreover, the constraints of manipulated variables in practical application of SOFC is taken into account and is solved by use of the quadratic programming and the Kalman filter is adopted to accomplish state correction. Finally, the simulation results indicate that the proposed MFPC have capacity to effectively overcome the problems of nonlinearity and multivariable coupling of the SOFC system and have capacity to achieve a rapid and accurate adjustment, the robustness of the proposed controller is strong and the excellent control effect for requirements of SOFC is achieved. The work we have done effectively solves the control problem of SOFC under the constant output voltage mode, and we supply a supplementary material for readers that includes the data and related programs in the article, which will contribute to promotion and safe application of SOFC.
Supplementary Materials: The MATLAB/SIMULINK files are available online at http://www.mdpi.com/2071-1050/10/2/437/s1.
